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Summary
The yeast bud site selection system represents a paradigm for understanding how fungal cells regulate the
formation of a polarity axis. In Saccharomyces cerevisiae, Bud4 and Axl2 are components of the axial bud
site marker. To address the possibility that these proteins regulate cellular morphogenesis in filamentous
fungi, we have characterized homologues of Bud4 and
Axl2 in Aspergillus nidulans. Our results show that
Bud4 is involved in septum formation in both hyphae
and developing conidiophores. Whereas Axl2 appears
to have no obvious role in hyphal growth, it is required
for the regulation of phialide morphogenesis during conidiation. In particular, Axl2 localizes to the
phialide–spore junction, where it appears to promote
the recruitment of septins. Furthermore, the developmental regulators BrlA and AbaA control the expression of Axl2. Additional studies indicate that Axl2 is
also involved in the regulation of sexual development,
not only in A. nidulans, but also in the phylogenetically
unrelated fungus Fusarium graminearum. Our results
suggest that Axl2 plays a key role in phialide morphogenesis and/or function during conidiation in the
aspergilli.

Accepted 18 May, 2012. *For correspondence. E-mail sharri1@
unlnotes.unl.edu; Tel. (+1) 402 472 2938; Fax (+1) 402 472 3139.
Current addresses: †Department of Molecular Microbiology and
Immunology, Brown University, Providence, RI 02912, USA; ‡National
Institute of Occupational Safety and Health, Morgantown, WV 26505,
USA.

© 2012 Blackwell Publishing Ltd

Free article https://www.ncbi.nlm.nih.gov/pubmed/22651396

Introduction
The fungal colony typically consists of a network of polarized hyphae known as a mycelium, which in turn supports
the development of reproductive structures that bear
spores. Among the myriad of distinct cell types produced
during development, one of the most important is the
phialide. According to Cole and Samson (1979), a phialide
is ‘a fertile cell which produces conidia (phialoconidia) in
basipetal succession from a fixed meristem or conidiogenous locus whose position may vary in different fungi from
the apex of the cell to deep within the body of the cell’. In
effect, phialides resemble stem cells in that they undergo
repeated mitoses to generate differentiated conidia.
Despite their importance in sporulation, remarkably little is
known about the genetic and molecular pathways that
underlie the formation and function of phialides. Perhaps,
the greatest insight comes from studies of conidiophore
development in the fungus Aspergillus nidulans (Timberlake, 1990; Yu et al., 2006). A. nidulans conidiophores
consist of an aerial stalk that undergoes terminal swelling
to form a vesicle, which in turn generates a tier of metulae
that bud from its surface (see Fig. S1). Metulae themselves
divide by budding to form a tier of phialides that give rise to
a chain of conidia. Whereas metulae essentially represent
modified hyphal cells that still possess a Spitzenkorper
(Sewall et al., 1990; Harris, 2009; Etxebeste et al., 2010),
phialides resemble budding yeast cells in their ability to
undergo repeated cycles of polarized and depolarized
growth as each spore is generated (Sewall et al., 1990;
Timberlake, 1990). Furthermore, phialides also appear to
possess a modified cell cycle programme relative to
hyphae and other developmental cell types (Timberlake,
1990). Seminal studies by Timberlake and co-workers
(reviewed by Timberlake, 1990; Adams et al., 1998) identified a core pathway of transcription factors that govern
conidiophore development in A. nidulans. In this pathway,
the C2H2 zinc finger transcription factor BrlA activates the
TEA/ATTS class transcription factor AbaA. Notably, BrlA is
required for the formation of phialides, whereas AbaA is
essential for proper phialide function (Sewall et al., 1990;
Timberlake, 1990). Although several important targets of
these transcription factors have been identified (e.g. yA,
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wA, rodA, pclA; Mayorga and Timberlake, 1990; Stringer
et al., 1991; Aramayo and Timberlake, 1993; Schier et al.,
2001), the key proteins that regulate phialide morphogenesis and function remain largely unknown.
Whereas little is known about the morphogenesis of
phialides and other cell types formed during fungal sporulation, considerable progress has been made towards the
identification of functions and pathways required for hyphal
morphogenesis. Studies using a variety of filamentous
fungi, including A. nidulans, have characterized numerous
proteins that play important roles in morphogenetic processes such as polarized hyphal growth and septum formation (reviewed in Wendland, 2001; Steinberg, 2007;
Harris, 2010). These include components of the so-called
morphogenetic machinery (i.e. the cytoskeleton and
vesicle transport systems) engaged in the delivery of components needed for localized cell wall deposition at hyphal
tips and septation sites, as well as signalling proteins (i.e.
Rho- and Ras-related GTPases) and their presumed effectors (i.e. septins, formins, p21-activated kinases, NDR
kinases) that likely specify where and when the morphogenetic machinery functions. Because conidiophores can
essentially be viewed as condensed hyphal systems (Kendrick, 2003), it would follow that the mechanisms underlying hyphal morphogenesis would also operate in the
different cell types that constitute conidiophores. In this
case, however, the dramatically different shape of these
cells compared to hyphae highlights the potential importance of positional information that specifies where and
when the morphogenetic machinery is deployed.
The nature of the positional signals that specify polarity
axes and growth sites have been relatively well characterized in the model yeasts Saccharomyces cerevisiae and
Schizosaccharomyces pombe (Chang and Peter, 2003). In
S. cerevisiae, the bud site selection system directs two
distinct budding patterns depending on the mating type of
the cell, axial budding in a or a cells, and bipolar budding in
a/a cells (Chant, 1999). Key features of this system include
the use of cell surface landmarks that provide positional
information that is subsequently relayed to the morphogenetic machinery via a cascade of GTPase modules (Park
and Bi, 2007). In cells that display the axial budding
pattern, the landmark consists of Axl2 and its associated
proteins Bud3, Bud4 and Axl1, whereas Bud8, Bud9, Rax1
and Rax2 comprise the landmark in cells that exhibit the
bipolar budding pattern (Chant, 1999; Park and Bi, 2007).
In S. pombe, the cell end marking system represents an
alternative microtubule-based mechanism that directs the
morphogenetic machinery to cell poles (Martin, 2009). A
key component of this system is Tea1, which is delivered to
cell poles by the kinesin Tea2, whereupon it associates with
the landmark protein Mod5 to trigger the formin-dependent
nucleation of actin cables. In both yeasts, the absence of
positional signals does not prevent morphogenesis per se,

but does lead to aberrant morphologies and/or growth
patterns.
Recent studies have characterized A. nidulans homologues of the fission yeast proteins involved in marking
cell ends (Fischer et al., 2008). These studies suggest
that TeaR (= mod5), TeaA (= tea1) and KipA (= tea2)
function in a manner analogous to their S. pombe homologues to mark the hyphal tip and recruit the formin SepA
(Konzack et al., 2005; Takeshita et al., 2008). Furthermore, the existence of sterol-rich membrane domains at
hyphal tips likely provides a mechanism for the stable
anchoring of TeaR at hyphal tips (Pearson et al., 2004; Li
et al., 2006; Takeshita et al., 2008). On the other hand,
the potential roles that homologues of the yeast bud site
selection proteins might have in the spatial regulation of
hyphal morphogenesis remain unknown. Potential homologues of axial (Bud3, Bud4, Axl2) and bipolar (Rax1,
Rax2) bud site markers were initially detected through
genome annotation efforts (Harris and Momany, 2004;
Galagan et al., 2005). A recent study revealed that Bud3
regulates septum formation in hyphae by serving as a
guanine nucleotide exchange factor for the GTPase
Rho4 (Si et al., 2010; also see Justa-Schuch et al.,
2010). Here, the roles of Bud4 and Axl2 are described.
Whereas Bud4 participates in septum formation during
hyphal growth and conidiophore development, Axl2 is
specifically required for the normal morphogenesis and
function of phialides. In addition, Axl2 also appears to
regulate sexual development.

Results
Our original annotation of the A. nidulans genome
revealed the existence of potential homologues of the axial
budding markers Bud4 and Axl2 (Harris and Momany,
2004; Galagan et al., 2005). Subsequent annotation using
the cognate proteins from Ashbya gossypii and Candida
albicans as additional queries for BLASTp and PSIBLAST searches confirmed these identifications. AnBud4
(ANID_6150.1) is a predicted 1361 AA protein that contains
a C-terminal anillin-like (DUF1709) domain followed by a
single pleckstrin homology (PH) domain (Fig. 1A). These
domains are found in tandem in anillin and a number of
related proteins that function during cytokinesis as scaffolds that bind septins, F-actin and myosin II (Piekny and
Maddox, 2010). Homologues of AnBud4 (> 38% identity
over their entire lengths) exist in all sequenced genomes of
the Pezizomycotina. Similarity between AnBud4 and its
homologues in other members of the Ascomycota and
Basidiomycota is solely confined to the DUF1709 and
PH domains, and ranges from 41% to 51%. AnAxl2
(ANID_1359.1) is a predicted 936 AA transmembrane
protein with two putative He_PIG domains located
between AAs 60 and 280 (Fig. 1A). The presence of these
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Fig. 1. Organization of the A. nidulans Bud4
and Axl2 homologues.
A. Schematic depiction of the AnBud4 and
AnAxl2 homologues.
B. Phylogenetic distribution of Axl2
homologues. A simplified fungal phylogeny is
presented (based on James et al., 2006). Red
ovals indicate clades in which Axl2
homologues are not found. The green arrow
represents the observation that Axl2
homologues are only detected in
ascomycetes and basidiomycetes.

cadherin-like domains suggests that the N-terminus of
AnAxl2 is extracellular and adopts an IgG fold (Halme
et al., 1996; Roemer et al., 1996). Homologues of AnAxl2
(> 65% identity over their entire lengths) exist in all
sequenced genomes from the genus Aspergillus. Within
other ascomycete subphyla (i.e. Pezizomycotina and Saccharomycotina), homology is primarily confined to the IgG
domains and ranges from 47% to 51% identity. Notably,
although fungi within the order Onygenales (e.g. Histoplasma capsulatum, Coccidioides immitis, Trichophyton
rubrum) are more closely related to Aspergillus than
members of the ascomycete classes Sordariomycetes or
Dothidiomycetes (James et al., 2006), they do not possess
detectable homologues of AnAxl2 (Fig. 1B). In addition,
homologues could not be identified in members of the class
Leotiomycetes or in the subphylum Taphrinomycotina (e.g.
S. pombe). On the other hand, weak homologues (27% to
29% identity within the IgG domain) are present in several
basidiomycetes.

AnBud4 is required for septum formation
To determine the possible function of AnBud4 during
hyphal morphogenesis, a mutant possessing a complete
gene deletion was generated using standard approaches (Yang et al., 2004; Nayak et al., 2006). The
Anbud4::pyroAA.f. deletion mutant (hereafter referred to
as Dbud4) formed colonies that were similar in diameter
to wild type but were notably devoid of conidia (Fig. 2A).
On minimal media, the Dbud4 mutant produced ~ 1850fold fewer conidia per millilitre compared to the parental
strain TN02A3. A similar effect (i.e. ~ 710-fold reduction
compared to TN02A3) was observed on rich media. To
determine the possible basis of the conidiation defect,
conidiophores from the mutant as well as wild-type controls were imaged using a previously described sandwich coverslip protocol (Lin and Momany, 2003). A range
of defects was noted, including elongated metulae and
phialides, as well as conidiospores that apparently failed
© 2012 Blackwell Publishing Ltd, Molecular Microbiology, 85, 252–270
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Fig. 2. Colony growth, development and
hyphal morphogenesis in Anbud4 and Anaxl2
mutants.
A. Colony morphologies. Clockwise from
upper left: strains FGSC A4 (wild type),
TN02A3 (wild type), AHS6 (Daxl2) and AHS4
(Dbud4).
B. TN02A3 (wild type) conidiophore.
C. AHS4 (Dbud4) conidiophores.
D and E. AHS4 (Dbud4) hyphae grown on
YGVUU for (D) 14 or (E) 16 h.
F. AHS6 (Daxl2) hyphae grown on YGVUU for
14 h.
G and H. TN02A3 (G) and FGSC A4 (H)
hyphae grown on YGVUU for 14 h.
Hyphae are stained with Calcofluor to image
septa and Hoechst to image nuclei. Images
shown in D–H are inverted to heighten the
contrast of septa. Compare the faint septa
present in D (arrows) to the normal septa
present in F–H (arrowheads). Bars = 10 mm.

to undergo cytokinesis (Fig. 2B and C). Because a
stage-specific arrest was not observed, it seems likely
that AnBud4 is required at multiple steps during conidiophore development.
Coverslip cultures were used to examine the Dbud4
mutant for defects in hyphal morphogenesis. The timing
and pattern of spore polarization was indistinguishable
from wild type, and the resulting hyphae displayed no
obvious defects in polarized growth (Fig. 2D–G). However,
Dbud4 mutants were clearly defective in the formation of
septa. Whereas wild-type hyphae possessed an average
of 3.04 ⫾ 1.26 septa per hypha following 14 h growth in
rich media, Dbud4 mutants only contained 0.5 ⫾ 0.5 septa
per hypha at the same time (n = 200). In these experiments, > 50% Dbud4 hyphae were typically devoid of
septa, while all wild-type hyphae possessed at least one
septum. Thus, AnBud4 seemingly plays a key role in
septum formation in hyphae, although it is not strictly
required for the process.
In S. cerevisiae, genetic analysis demonstrated that
Bud3 and Bud4 function together to specify the axial
budding pattern (Chant and Herskowitz, 1991). Moreover,
a recent study revealed that Bud4 acts upstream of Bud3 to
control septation in Neurospora crassa (Justa-Schuch
et al., 2010). We recently characterized the role of AnBud3
in the regulation of septum formation (Si et al., 2010), and
sought to determine if a similar epistatic relationship
underlies the roles of Bud3 and Bud4 in A. nidulans, We
generated Dbud3::pyrGA.f. Dbud4::pyroAA.f. double mutants
(AHS34) by a standard cross, and found that they display
a synthetic slow growth phenotype (Fig. S2). Thus, we
conclude that AnBud3 and AnBud4 have at least one

distinct function and may not regulate septation via the
same genetic pathway. In accord with this view, the Rho
GTPase AnRho4 was unable to dosage suppress the
growth and septation defects caused by the Dbud4 mutant
(data not shown), whereas it was capable of suppressing
Dbud3 defects (Si et al., 2010).
To localize AnBud4, we generated strains in which the
sole functional source of AnBud4 was supplied by a
GFP::bud4 fusion expressed under control of native promoter sequences. AnBud4 formed constricting rings that
localize to septation sites (Fig. 3A and B). Furthermore,
AnBud4 rings appeared at incipient septation sites prior
to the formation of any detectable septum (i.e. 40/200
GFP–AnBud4 rings were not associated with a septum;
Fig. 3C–E). However, unlike most other components of
the contractile actin ring that forms at septation sites
(Harris, 2001), AnBud4 rings split into two as septum
formation progressed. For those cases where we
observed a double AnBud4 ring, the Calcofluor-stained
septum overlay one of the rings (Fig. 3F–K), although
there was no obvious preference as to which ring it
colocalized with. We also observed that one of the
double AnBud4 rings was subsequently lost. In particular, we followed four double AnBud4 rings, two of which
were associated with a detectable septum (observed
using differential interference contrast microscopy). In
each case, one of the two rings had disappeared
within 20 min, and all the remaining rings were now
associated with a septum (two examples are presented
in Fig. 4). Because of photobleaching, we could not
follow the fate of these remaining rings. Nevertheless,
they presumably constrict, since all constricting AnBud4
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Fig. 3. AnBud4 localizes to septation sites. Constricting GFP–AnBud4 ring (A) and corresponding septum (B) following growth of strain
AHS42 on YGV for 15 h at 28°C. (C–K) Co-ordination of GFP–AnBud4 ring dynamics with septum deposition. (C, F and I) GFP–AnBud4
localization. (D, G and J) Calcofluor staining to visualize septa and cell walls. (E, H and K) Merged images. (C–E) GFP–AnBud4 localization at
septation site prior to appearance of visible septum. (F–H) Double GFP–AnBud4 rings. Colocalization of associated septum with apical ring.
(I–K) Double GFP–AnBud4 rings. Colocalization of associated septum with basal ring. Bars = 3 mm.

rings that we observed were single rings that colocalized
with a septum.
Collectively, our characterization of AnBud4 function and
localization implicate it in the process of septum formation.

AnAxl2 is involved in phialide morphogenesis
Following the same approach described above for
AnBud4, we generated an Anaxl2::pyroAA.f. deletion
© 2012 Blackwell Publishing Ltd, Molecular Microbiology, 85, 252–270
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Fig. 4. Dynamics of AnBud4 localization. Double GFP–AnBud4 rings were identified and images captured at times zero (A, B, E and F) and
20 min (C, D, G and H).
A–D. The double GFP–AnBud4 rings were not associated with a septum. Following 20 min, one of the rings had disappeared and a septum
was now visible (black arrows).
E–H. The double GFP–AnBud4 rings were associated with a septum. Following 20 min, one of the rings had disappeared and a septum was
now visible (black arrow). Bars = 3 mm.

mutant (hereafter referred to as Daxl2). No overt defects in
colony growth, hyphal morphogenesis or septum formation
were observed (Fig. 2A and F). However, a striking difference in conidiophore architecture was apparent when the
deletion mutant was compared to wild type. Both mutant
and wild-type conidiophores possessed vesicles, metulae
and phialides, but instead of producing a long chain of
spores in basipetal succession, Daxl2 mutant phialides
only generated one or two spores (Fig. 5A and B). Accordingly, spore counts revealed an approximate sevenfold
reduction in the Daxl2 mutant compared to the parental
strain TN02A3 (3.5 ¥ 107 ⫾ 0.7 ¥ 107 conidia per millilitre
for TN02A3 vs. 5.3 ¥ 106 ⫾ 1.9 ¥ 106 conidia per millilitre
for the Daxl2 mutant).

To obtain a more detailed picture of developmental
defects in the Daxl2 mutant, we exploited the observation
that prolonged incubation of hyphae on coverslips in
minimal media containing a poor carbon source (i.e.
100 mM threonine; see Experimental procedures) results
in the production of reduced conidiophores (Skromne
et al., 1995). After 3–4 days at 28°C, lateral hyphal
branches often terminated in a single spore subtended by
an elongated cell that bears some resemblance to a phialide (Fig. 5C). More strikingly, after 7 days’ incubation,
multiple ‘phialide-like’ cells harbouring spores had formed
on single branches (Fig. 5C). In a typical experiment, 55%
of these cells produced chains of spores, with an average
of 6.3 spores per chain (range 2–10; n = 200). Control

© 2012 Blackwell Publishing Ltd, Molecular Microbiology, 85, 252–270
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Fig. 5. AnAxl2 is required for phialide morphogenesis.
A and B. Conidiophores produced by strains TN02A3 (wild type; A) and AHS6 (Daxl2; B).
C–E. ‘Phialide-like’ cells were observed using the submerged conidiation assay (i.e. incubated in MNV–threonine for 7 days). (C) Strain
TN02A3 (wild type). (D and E) Strain AHS6 (Daxl2). Arrows denote examples of cells displaying abnormal septation and/or phialide
morphology. Bar = 10 mm.

experiments demonstrated that the production of spores
under these conditions was abolished when temperaturesensitive abaA14 or brlA1 mutants were incubated at 37°C
(data not shown). In addition, the presence of a wild-type
veA gene (i.e. in strain FGSC4) shifted development
towards the production of Hülle cells (Fig. S3). Taken
together, these observations suggest that the formation of
reduced conidiophores on submerged coverslips reflects
to some extent the action of normal developmental pathways. The use of coverslips, however, facilitates microscopic observation of developmental defects and also
simplifies protein localization experiments.
When compared to wild-type strains (FGSC28 and
TN02A3) using the submerged conidiation assay, Daxl2
mutants only produced ‘phialide-like’ cells harbouring a
single spore even after 7 days’ incubation. Moreover, over

half of the spores (58%) were unusually small or displayed abnormal morphologies, including the absence of
a detectable septum (Fig. 5C–E). These observations are
consistent with the notion that AnAxl2 is involved in phialide morphogenesis.
AnAxl2 localizes to the phialide–spore junction
To better understand the function of AnAxl2 in phialide
morphogenesis, we generated a functional AnAxl2–GFP
fusion protein that was used to examine localization
during hyphal growth and conidiation. Whereas AnAxl2–
GFP could not be detected in hyphae, it did localize to the
phialide–spore junction in conidiophores (Fig. 6A). Given
that this is the location of the septum that separates
the phialide from the most recently formed spore, it was
© 2012 Blackwell Publishing Ltd, Molecular Microbiology, 85, 252–270
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striking that AnAxl2–GFP did not localize to other septation sites in conidiophores (i.e. vesicle–metulae junctions
and metulae–phialide junctions). Notably, parallel experiments revealed that GFP–AnBud4 also localized to
phialide–spore junctions, but unlike AnAxl2–GFP, was
also found at vesicle–metulae and metulae–phialide junctions (Fig. 6B and C). These observations suggest that
AnAxl2 is required for specific morphogenetic functions in
phialides, including but not limited to septum formation.
The submerged conidiation assay was used to obtain
further insight into the localization pattern of AnAxl2–GFP.
As expected, it localized to the junction between the
‘phialide-like’ cell and spores. Two distinct localization
patterns were noted: a collar that embraced the phialide–
spore junction (Fig. 6E, arrowhead; 36% of cells, n = 200),
and a discrete band that spanned the tip of the phialide
just below the junction with the spore (Fig. 6D, arrowhead;
64% of cells, n = 200). This localization pattern is somewhat reminiscent of septin organization at the bud neck
in S. cerevisiae (Gladfelter et al., 2001; McMurray and
Thorner, 2009), and hints at possible interactions between
Axl2 and septins in A. nidulans. We tested this possibility
by screening for genetic interactions between Daxl2
and deletion mutations affecting each of the known
A. nidulans septins (Westfall and Momany, 2002; Lindsey
et al., 2010; M. Momany, pers. comm.); in each case, the
septin deletion was epistatic to Daxl2 (data not shown).
We also examined the role of AnAxl2 in septin localization
at the phialide–spore junctions by localizing AspB–GFP
in Daxl2 conidiophores. In wild-type conidiophores, AspB–
GFP was observed at both metulae–phialide and
phialide–spore junctions, whereas it was only found at the
former in the absence of AnAxl2 (Fig. 6F and G). This
observation implicates AnAxl2 in the recruitment of
septins to the phialide tip.
AnAxl2 is expressed in a developmentally
regulated manner
The observation that AnAxl2 specifically localizes to the
phialide–spore junction suggests that its expression is
likely to be developmentally regulated. We thus investigated the potential roles of the transcription factors BrlA
and AbaA in control of Anaxl2 expression during conidiation. The presence of predicted BrlA (C/A-G/A-AGGG-G/A)
and AbaA (CATTC-C/T) binding sites within 1000 nucleotides of the predicted AnAxl2 start codon (Fig. S4) suggested that such a role was possible. Accordingly, we
asked if expression of Anaxl2 could be triggered when
either BrlA or AbaA was expressed under conditions that
are normally not permissive for development. To accomplish this, we used strains possessing alcA(p)::brlA or
alcA(p)::abaA fusions (alcA = alcohol dehydrogenase),
which permit induction of brlA or abaA expression by

simply transferring hyphae from repressing glucose media
to inducing media that contains ethanol or threonine
[Adams et al., 1988; Mirabito et al., 1989; note that brlA
encodes two transcripts, a and b, of which only a is
expressed in these experiments (Han et al., 1993)]. In
both cases, results from RNA-Seq analysis (S. Harris
et al., unpubl. obs.) revealed that Anaxl2 transcript levels
increased within 4 h of induction. In particular, Anaxl2
transcript levels increased 18.6-fold in response to induction of alcA(p)::brlA, and 29.3-fold in response to induction
of alcA(p)::abaA. This analysis also revealed that Anbud4
expression increased by 5.6- and 6.2-fold in response to
induction of alcA(p)::brlA and alcA(p)::abaA respectively.
Besides testing the effects of the alcA(p)::brlA and alcA(p)::abaA fusions on Anaxl2 expression, we also investigated their impact on AnAxl2 localization. Towards this
end, our AnAxl2–GFP fusion was crossed into the
alcA(p)::brlA and alcA(p)::abaA backgrounds. The resulting strains (ASH815 and ASH817) were first grown in
glucose media (alcA(p)-repressing conditions), and in both
cases, no AxAxl2–GFP signal could be detected (Fig. 7A).
However, upon transfer to minimal threonine media that
induces alcA(p) expression, distinct localization patterns
were evident within 4 h. When BrlA was induced, AnAxl2
formed a collar at the junction between ‘phialide-like’ cells
and spores (Fig. 7B; arrow). In addition, we also observed
AnAxl2 localization to reticulate structures within the
‘phialide-like’ cells (Fig. 7B; arrowhead). By contrast, when
AbaA was induced, AnAxl2 localized to vacuoles and
endomembranes (Fig. S5; note that AbaA induction is not
sufficient to produce spores; Mirabito et al., 1989). A similar
approach was taken to examine the effects of BrlA induction on AnBud4 localization. In this case, localization to
hyphal septa was observed when alcA(p)::brlA GFP::Anbud4 hyphae were imaged after growth on glucose
(Fig. 7C). Upon transfer to minimal threonine media, like
AnAxl2, AnBud4 also localized to the junction between
‘phialide-like’ cells and spores (Fig. 7D).
Taken together, results from these RNA-Seq and GFP
localization experiments demonstrate that expression of
AnAxl2 is subject to developmental regulation via the
transcription factors BrlA and AbaA.
Altered expression of AnAxl2 disrupts phialide
morphogenesis
To further understand the role of AnAxl2 in phialide morphogenesis, we generated a construct that enabled its
overexpression under control of the alcA promoter. The
alcA(p)::axl2 construct was used to replace the endogenous axl2 gene, and overexpression of axl2 in the presence of threonine was confirmed using RT-PCR (H. Si and
S. Harris, unpubl. obs.). Sandwich coverslips were used to
compare conidiation in the alcA(p)::axl2 strain (AHS652)
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Fig. 6. AnAxl2 localizes to phialide–spore junctions and is involved in septin recruitment.
A–C. AnAxl2–GFP (A) and Bud4–GFP (B and C) localization in conidiophores obtained using sandwich coverslips.
D and E. AnAxl2–GFP localization in ‘phialide-like’ cells generated using the submerged conidiation assay.
F and G. Septin localization in strains ARL114 (wild type; F) and ASH65 (Daxl2; G).
In A, C, F and G, white arrows denote phialide–spore junctions. In B, the asterisk denotes the vesicle–metulae junction. In D and E,
arrowheads denote the different localization pattern for AnAxl2 at phialide–spore junctions. Bars = 10 mm.

to that of a wild-type strain (TN02A3). Notably, although
overexpression of axl2 did not appear to dramatically affect
the number of conidiophores produced, the ‘conidial
heads’ were much smaller in size (Fig. 8A, B, D and E).
Moreover, further examination revealed the presence of
abnormally shaped phialides that were much rounder than
normal and in which chitin deposition appeared less localized (Fig. 8C and F). These observations suggest that
increased levels of Axl2 alter the pattern of phialide morphogenesis such that the cells fail to polarize to a discrete
site at the tip.
AnAxl2 functions in sexual development
Close inspection of Daxl2 colonies revealed an apparent
accumulation of Hülle cells (i.e. note the yellow tinge to

the colony shown in Fig. 2A), which are thought to
support sexual development that culminates in the formation of cleistothecia (Yager, 1992). Direct counts of
cleistothecial production confirmed that sexual development was notably enhanced in Daxl2 mutants (Fig. 9).
This was reflected at the level of gene expression,
where results from RT-PCR analysis showed that the
absence of AnAxl2 resulted in increased expression of
nsdD and steA (Fig. 10). Because NsdD and SteA
are both known to promote the formation of cleistothecia, these observations are consistent with the view
that AnAxl2 is a negative regulator of sexual development. On the other hand, although increased brlA
expression was observed in Daxl2 mutants relative to
wild type, this did not lead to a corresponding increase
in conidiation.

Fig. 7. Developmental regulation of AnAxl2 localization. Hyphae from strains ASH817 (alcA(p)::brlA axl2::gfp) and ASH814 (alcA(p)::brlA
bud4::gfp) were grown on non-repressing YGV media. AnAxl2–GFP (A) and GFP–AnBud4 (C) localization was observed under these
conditions. Note that the image in A was overexposed by fivefold relative to the others to exaggerate the absence of Axl2–GFP localization
(the apparent localization to the spore body is due to autofluorescence). Hyphae were then shifted to alcA(p)-inducing MNV–threonine media
for 4 h, and Axl2–GFP (B) and GFP–AnBud4 (D) localization observed. Bar = 10 mm.
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Fig. 8. Overexpression of AnAxl2 alters phialide morphogenesis. Strains TN02A3 (wild type; A–C) and AHS652 (alcA(p)::axl2; D–F) were
incubated on sandwich coverslips containing MNV–threonine medium for 4 days.
A and D. Conidiophore density on the edge of the slides as viewed through a dissecting microscope.
B, C, E and F. Indicidual conidiophores viewed by brightfield microscopy (B and E) or fluorescence microscopy following staining with
Calcofluor (C and F). Arrow in C denotes a typical elongated phialide, whereas the arrow in F denotes an abnormally shaped phialide with
patches of chitin accumulation. Bars = 10 mm.

As part of our effort to investigate Axl2 function across
a broad range of fungi, we have also deleted the Axl2
homologue in the plant pathogenic fungus Fusarium
graminearum, which belongs to the class Sordariomycetes. Asexual and sexual development is markedly
different in F. graminearum compared to A. nidulans (Trail,
2009). Instead of elaborate conidiophores, asexual development in F. graminearum yields clusters of elongated

multicellular macroconidia that arise from adjacent sites on
a small phialide, whereas sexual development results in
the formation of perithecia instead of cleistothecia. Deletion of Fgaxl2 had no obvious effect on the morphology of
macroconidia, although their production was reduced by
approximately fourfold (Fig. S6). However, it did cause a
dramatic increase (i.e. > 20-fold) in perithecial production
(Fig. 11). Notably, this occurred on media [yeast extract/
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malt extract agar (YMA)] that normally yields few, if any,
perithecia. These observations suggest that as in A. nidulans, Axl2 also functions as a negative regulator of sexual
development in F. graminearum.

Discussion
The regulatory system that specifies bud site position in
S. cerevisiae provides a paradigm for understanding how
positional information is generated and communicated to
the morphogenetic machinery. However, the extent to
which the components of this system are functionally conserved in other members of the fungal kingdom remains
unknown. Here, we show that two such components,
Bud4 and Axl2, are involved in septum formation in the
filamentous fungus A. nidulans. Notably, Axl2 appears to
be specifically required for the septation event that divides
new spores from their subtending phialide during
conidiation. Our observations provide new insight into
phialide-specific morphogenetic programmes in filamentous fungi.
Fig. 9. The Daxl2 mutation triggers sexual development.
A. Strains FGSC A773 (wild type, WT) and AHS6 (Daxl2) were
cultured on GMM at 37°C for 10 days in the dark. Cleistothecia are
indicated with white arrows. Lower panel micrographs correspond
to cultures under conditions conductive for sexual development.
Micrographs were taken under stereo-zoom microscope (Lieder)
using a magnification of 50¥.
B. Quantification of conidial production.
C. Quantification of cleistothecial production under sexual
development-inducing conditions. The values are means of three
replicates. Standard error is shown.

Bud4 has a general role in septum formation
Although originally identified on the basis of its role in
specification of the axial bud pattern of S. cerevisiae, subsequent characterization of Bud4 and its homologues (i.e.
S. pombe Mid2 and C. albicans Int1) revealed that its
primary function is likely to be septin organization (Asleson
et al., 2001; Berlin et al., 2003; Tasto et al., 2003; Eluere
et al., 2012). Int1 coprecipitates with septins, and its overexpression triggers the formation of aberrant septin structures. Mid2 is required for normal septin dynamics at
septation sites. In particular, it appears to associate with
septin rings just after their formation, and remains associ-

Fig. 10. Developmental gene expression in Daxl2 mutants. nsdD (A), steA (B) and brlA (C) were analysed in strains FGSC A773 (wild type,
WT) and (AHS6) Daxl2. Mycelial samples were harvested for mRNA extraction at 48 and 72 h after inoculation. The relative expression levels
were calculated using the method described by Livak and Schmittgen (2001). All values were normalized to expression of the A. nidulans
benA tubulin gene. The error bars indicate the ranges for two replicates.
© 2012 Blackwell Publishing Ltd, Molecular Microbiology, 85, 252–270
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Fig. 11. FgAxl2 regulates sexual development in Fusarium graminearum. The production of perithecia on YMA media was examined in
wild-type (PH-1; A and D), Daxl2 (B and E) and complemented control (P2-10; C and F) strains. In the black-and-white images (D–F), dark
spots correspond to perithecia. (G) Counts of perithecia from cultures grown on YMA media.

ated as the ring splits into two rings during mitosis. Results
from the characterization of Mid2 and Int1 suggest that
these proteins function in a manner analogous to animal
anillins, which play a central role in the organization of
septins, F-actin and myosin II during cytokinesis in animal
cells (Piekny and Maddox, 2010).
Our observations demonstrate that A. nidulans Bud4
is involved in septum formation in both hyphae and

conidiophores. Furthermore, it localizes to septation sites
in hyphae, as well as to all division sites in conidiophores
(i.e. vesicle–metulae, metulae–phialide, phialide–spore).
Notably, the pattern of AnBud4 localization at septation
sites closely resembles that of the septin AspB, particularly the transition from a single ring to double rings and
back to a single ring. However, whereas the double AspB
rings flank the septum, the AnBud4 rings appear to be
© 2012 Blackwell Publishing Ltd, Molecular Microbiology, 85, 252–270
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shifted such that one coincides with the septum. In addition, the AspB rings do not invaginate; instead, the ring on
the apical side of the septum persists while the other
disappears. In the case of AnBud4, although the numbers
are small, there was no apparent bias as to which ring
remained. Nevertheless, based on its localization pattern,
as well as the phenotype of Dbud4 mutants and its homology to Mid2/Int1, we propose that the primary function
of AnBud4 is septin organization. To date, we have not
been able to coprecipitate Bud4 with individual septins,
although we have detected strong genetic interactions
between Dbud4 and septin deletion mutants (H. Si and S.
Harris, unpubl. results).
In S. cerevisiae, results from epistasis analysis show
that Bud3 and Bud4 function in the same genetic pathway
that regulates the axial budding pattern (Chant and Herskowitz, 1991). Similarly, several observations suggest
that Bud3 and Bud4 function in a common pathway that
regulates actin ring formation at septation sites in
N. crassa (Justa-Schuch et al., 2010). Notably, Dbud3 and
Dbud4 mutants display identical septation defects in
N. crassa. Thus, it is striking that this is not the case in
A. nidulans. Whereas Dbud3 mutants are completely
aseptate (Si et al., 2010), septum formation is merely
delayed in Dbud4 mutants. Furthermore, unlike Dbud3,
extra copies of rho4 do not suppress Dbud4 growth
defects. Finally, Dbud3 Dbud4 double mutants exhibit
strong synthetic defects instead of epistasis. These observations do not fully eliminate the possibility that Bud4
functions as a scaffold for recruitment of the Rho4 GTPase
module to septation sites as proposed for N. crassa, but
are more consistent with the notion that Bud3 and Bud4
independently contribute to septum formation in A. nidulans. This difference is perhaps not too surprising given the
distinct mitotic strategies employed by these two fungi
(Harris, 2006). Unlike the parasynchronous mitoses of
A. nidulans, N. crassa mitoses are completely asynchronous, which in turn may lead to differences in the mechanisms that mark septation sites and co-ordinate actin ring
assembly with mitosis.
AnAxl2 is involved in phialide morphogenesis
In S. cerevisiae, Bud3, Bud4 and Axl2 comprise a functional module that specifies the axial budding pattern
(Chant, 1999). Because the A. nidulans homologues of
Bud3 and Bud4 regulate septum formation, we were surprised that no overt septation or morphogenetic defects
could be detected in Daxl2 hyphae. Results from RT-PCR
and RNA-Seq experiments show that axl2 is expressed in
hyphae, albeit at two- to fourfold lower levels than bud3 or
bud4 (H. Si and S. Harris, unpubl. results). Thus, Axl2 is
seemingly dispensable for normal hyphal morphogenesis.
On the other hand, several observations implicate AnAxl2

in phialide morphogenesis during the process of conidiophore development. First, Daxl2 mutants fail to generate
the long chains of spores that are characteristic of wild-type
phialides. Instead, they typically produce only one or two
spores, most of which are missing a septum. Second,
AnAxl2 specifically localizes to phialide–spore junctions,
but not to any other septation site in hyphae or conidiophores. Third, expression of AnAxl2 appears to be upregulated during conidiophore development. In particular,
results from RT-PCR and RNA-Seq experiments show that
axl2 expression responds to forced induction of either
BrlA or AbaA (i.e. 18- to 29-fold higher levels compared
to controls; H. Si and S. Harris, unpubl. results), the two
central transcriptional regulators of conidiation in A. nidulans (Timberlake, 1990; Adams et al., 1998). In addition,
whereas AnAxl2 localization in hyphae is undetectable, it
appeared at phialide–spore junctions upon forced induction of BrlA. Note that forced induction of AbaA does not
trigger the formation of spores, but instead causes extensive vacuolization of hyphae (Mirabito et al., 1989); under
these conditions, Axl2 localizes to vacuoles. Finally, overexpression of Axl2 leads to the formation of misshapen
phialides that seemingly result from a failure to maintain
polarized growth.
Our observation that AnBud4 localizes to all potential
septation sites in conidiophores, whereas AnAxl2 only
appears at the phialide–spore junction, implies that there
is something unique about the latter site that requires
AnAxl2 function. In this context, we can envision three
possible roles for AnAxl2. The first is to facilitate reorientation of the division pattern. Up to and including the
formation of phialides, all cell division events in conidiophores follow an acropetal pattern, whereby the new cell
buds from the tip of the preceding cell. By contrast, spores
are produced from phialides via a basipetal pattern, which
requires repositioning of the morphogenetic machinery
from the tip of the new spore back to the phialide–spore
junction in preparation for emergence of the next spore.
AnAxl2 might enable the switch from acropetal to basipetal growth by serving as a marker for the phialide–spore
junction. The other two potential roles for AnAxl2 at the
phialide–spore junction might be to promote rupture of the
phialide outer wall or the formation of a closed septum.
Both of these events are also features that are unique to
this site (Cole and Samson, 1979). Regardless of its specific role, our results suggest that AnAxl2 may function by
promoting septin recruitment to the phialide–spore
junction. Studies in S. cerevisiae implicate Axl2 in septin
organization at presumptive bud sites (Gladfelter et al.,
2005; Gao et al., 2007), indicating that such a function
might be conserved.
It has become increasingly clear that phialide differentiation marks the point of commitment to sporulation
during conidiation in A. nidulans (Sewall et al., 1990;
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Table 1. Strains used in this study.
Strain

Genotype

Source or reference

A28
A773
TNO2A3
AHS2
AHS4
AHS6
AHS34
AHS41
AHS61
AHS65
AHS252
AHS652
AHS817
AHS815
AHS814
AHS816

pabaA6 biA1
pyrG89 wA3 pyroA4
pyrG89 argB2 pyroA4 nkuA::argB
pyrG89 argB2 Dbud3::pyr4 pyroA4 nkuA::argB
pyrG89 argB2 Dbud4::pyroA pyroA4 nkuA::argB
pyrG89 Daxl2::pyroA pyroA4 wA3
pyrG89 argB2 Dbud3::pyr4 Dbud4::pyroA pyroA4 nkuA::argB
pyrG89 argB2 gfp::bud4::pyr4 pyroA4 nkuA::argB
pyrG89 argB;pyroA4 axl2::gfp::pyr4 nkuA::argB
pyrG89 argB2 Daxl2::pyr4 aspB::gfp::pyr4 pyroA4 nkuA::argB
yA2 argB2 pyroA4
pyrG89 argB2 alcA(p)::axl2 pyroA4 nkuA::argB
pyrG89 argB2 alcA(p)::brlA axl2::gfp::pyr4 pyroA4 nkuA::argB
pyrG89 argB2 alcA(p)::abaA axl2::gfp::pyr4 pyroA4 nkuA::argB
pyrG89 argB2 alcA(p)::brlA bud4::gfp::pyr4 pyroA4 nkuA::argB
pyrG89 argB2 alcA(p)::abaA bud4::gfp::pyr4 pyroA4 nkuA::argB

FGSCa
FGSC

This study
This study
This
This
This
This
This
This
This
This
This

study
study
study
study
study
study
study
study
study

a. FGSC, Fungal Genetic Stock Center, Kansas City, MO 64110, USA.

Harris, 2009; Etxebeste et al., 2010). The shift from acropetal to basipetal growth presumably requires a significant change in the regulatory networks that position the
morphogenetic machinery. We propose that this change is
effected in large part by an AbaA-dependent regulatory
module that includes AnAxl2, and most likely several
other genes as well. We are currently undertaking several
approaches for the identification of these genes, including
functional studies of known Axl2-interacting proteins identified in yeast (Gao et al., 2007).
Evolution of Axl2 function in fungal kingdom
In addition to phialide morphogenesis, our results demonstrate that AnAxl2 has an additional function in the
regulation of sexual development. In both A. nidulans
and F. graminearum, the absence of Axl2 resulted in
increased production of fruiting structures (i.e. cleistothecia and perithecia respectively). Moreover, in the
F. graminearum mutant, sexual development occurred
under conditions where it is normally not observed. Based
on these observations, we conclude that Axl2 serves as a
negative regulator of sexual development. Because it is a
predicted cell surface protein, it is tempting to speculate
that Axl2 might integrate external factors such as light or
chemical signals with the regulatory networks that control
sexual development (e.g. Calvo, 2008). This notion is
consistent with the recent report that the A. gossypii Axl2
homologue might sense environmental stress in addition
to its role in polarized growth (Anker and Gladfelter, 2011).
Axl2 displays an interesting pattern of conservation within the fungal kingdom (note that no obvious
homologues exist in animals or plants). Whereas conserved sequences are present in the dikarya (i.e.
Ascomycota + Basidiomycota), homologues could not be

detected in the lower fungi (i.e. chytrids and zygomycetes).
Indeed, outside of the dikarya, the sequences most similar
to Axl2 are found in a diverse range of bacteria, although
the similarity is largely restricted to the amino-terminal IgG
domains. Even within the Ascomycota, however, there are
clades from which Axl2 is notably absent (Fig. 1B). This
includes the Taphrinomycotina and, within the Pezizomycotina, the Leotiomycetes. Perhaps, most striking is the
apparent absence of Axl2 in the order Onygenales, which
is a sister clade to the Eurotiales (i.e. the clade that
includes Aspergillus). We propose that this absence
reflects two aspects of development within the Onygenales: first, they form simple conidiation structures that do
not contain phialides, and second, they produce less
organized sexual fruiting bodies (i.e. gymnotheca) that
resemble modified cleistothecia (Sigler, 2003). Furthermore, because many fungi that possess Axl2 do not
contain phialides that generate spores via a basipetal
division pattern, we suggest that the ancestral role of Axl2
is the regulation of sexual development. In those fungi
where basipetal division underlies asexual sporulation, or
in the somewhat analogous division pattern of yeast
budding (e.g. Harris, 2011), Axl2 might have been coopted
into additional functional pathways. Greater insight into
these possibilities will likely emerge from more detailed
analysis of Axl2 function, as well as from the characterization of its genetic and physical interaction networks.

Experimental procedures
Strains, media, growth conditions and staining
Aspergillus nidulans strains used in this study are listed in
Table 1. MNV (minimal + vitamins) and YGV (yeast extract
glucose + vitamins) media were made according to protocols
provided on the Aspergillus home page of the Fungal
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Genetics Stock Center (http://www.fgsc.net/Aspergillus/
asperghome.html). MNV–glycerol and MNV–threonine media
were made as described in Pearson et al. (2004). MAG (malt
extract agar) and YGV (yeast extract glucose + vitamins)
media were made as described previously (Harris et al.,
1994). To examine spore germination and hyphal morphology, conidia from appropriate strains were inoculated into
liquid YGV or MNV. Suspensions were poured into Petri
plates containing glass coverslips, which were then incubated at 28°C for 12 h to permit hyphal growth. The same
protocol was used for the submerged conidiation assay,
except that conidia were inoculated into MNV–threonine, and
were incubated for at least 3 days. Hyphae attached to the
coverslip were fixed using a modified standard protocol
(Harris et al., 1994) [fixing solution contained 3.7% formaldehyde, 25 mM EGTA, 50 mM piperazine-N,N-bis(2 ethanesulfonic acid) (PIPES) and 0.5% dimethylsulphoxide] for
20 min and then stained with staining solution containing both
273 nM fluorescent brightener 28 (Sigma-Aldrich Corporation, St Louis, MI, USA) and 160 nM Hoechst 33258 (Molecular Probes, Eugene, OR, USA).

Construction of gene replacement strains
The Anbud4 (ANID_06150.1) and Anaxl2 (ANID_01359.1)
genes from strains AHS4 and AHS6 were replaced with the
pyroAA.f. marker from A. fumigates and the pyroAA.n. marker
from A. nidulans respectively. All gene replacements were
generated using the gene targeting system developed by
Nayak et al. (2006) and the gene replacement generation
strategy developed by Yang et al. (2004). Oligonucleotides
used in this study are listed in Table S1. The pyroAA.n. DNA
marker, as well as sequences upstream and downstream of
Anaxl2, was amplified from wild-type FGSC strain A773
(available through the Fungal Genetics Stock Center, Kansas
City, MO, USA). The pyroAA.f. DNA marker fragment was
PCR-amplified from plasmid pTN1 (available through the
Fungal Genetics Stock Center, Kansas City, MO, USA), and
the DNA fragments upstream and downstream of bud4 were
amplified from the wild-type strain FGSC A28. High Fidelity
and Long Template PCR systems (Roche Diagnostics Corporation, Indianapolis, IN, USA) were used for amplifications
of individual and fusion fragments, respectively, using a Px2
Hybaid or an Eppendorf Mastercycler gradient thermal cycler.
The amplification conditions were according to the manufacturer’s recommendations. PCR products were gel-purified
using the QIAquick gel extraction kit (QIAGEN, Valencia, CA,
USA). Gene replacement constructs were transformed into
strain TNO2A3 or A773, and plated on supplemented minimal
medium with 0.6 M KCl. Transformations were performed
according to the protocol described by Osmani et al. (2006).
Transformants were tested for homologous integration of the
gene replacement construct and the absence of the wild-type
gene by diagnostic PCR as described by Yang et al. (2004).
The Fgaxl2 (FGSC_10237.3) gene from F. graminearum
strain FKX1 was replaced with the hygromycin phosphotransferase (hph) gene using the gene targeting system developed
by Nayak et al. (2006). Oligonucleotides used in this study
are listed in Table S1. The hph DNA marker fragment was
PCR-amplified from plasmid pUCH2-8 (Alexander et al.,
1998), and the DNA fragments upstream and downstream of

Fgaxl2 were amplified from the wild-type strain PH1. Amplifications and recovery of PCR products were as described
above for A. nidulans gene replacements. Gene replacement
constructs were transformed into strain PH1 following the
protocol described in Rittenour and Harris (2008). The Daxl2
strain was complemented with plasmid pBR10.1, which was
generated by ligating a full-length copy of Fgaxl2 into the
Topo2.1 vector (Invitrogen). A nourseothricin resistance
(natR) marker was subsequently ligated at the HindIII site to
permit selection of both hygromycin and nourseothricinresistant colonies. All F. graminearum growth, morphological
and developmental phenotypes were characterized as
described previously (Rittenour and Harris, 2008).

Construction of GFP fusion and alcA(p)
regulated strains
To localize AnAxl2, a GFP–pyr-4 fragment was amplified from
plasmid pFNO3 (available through the Fungal Genetics Stock
Center, Kansas City, MO, USA). A 1.5 kb fragment immediately upstream of the Anaxl2 stop codon and a 1.5 kb
fragment immediately downstream of the stop codon were
amplified from strain TN02A3. The same approach described
by Nayak et al. (2006) was used to construct the GFP fusion
cassette. The fusion PCR cassette was transformed to strain
TNO2A3 and transformants were verified by PCR to confirm
homologous gene insertion. Because transformants were
indistinguishable from wild type, we conclude that the
AnAxl2–GFP fusion is fully functional.
To localize AnBud4, we fused GFP to the N-terminus using
the five-piece fusion PCR approach recently described by
Taheri-Talesh et al. (2008). In addition to the retention of
native promoter sequences, final constructs also contained a
short linker of five glycines and alanines inserted between the
GFP and AnBud4 coding sequences. In brief, the following five fragments were amplified (primers described in
Table S1): (1) a 1.3 kb sequence upstream of Anbud4, (2) the
GFP coding sequence (minus the stop codon) derived from
plasmid pMCB17apx, (3) Anbud4 plus 400 bp of downstream
sequence, (4) the N. crassa pyr-4 selectable marker, also
derived from pMCB17apx and (5) a 1.3 kb sequence extending from 400 to 1700 bp downstream of Anbud4. Fragments
(1), (3) and (5) were amplified by specific primers with 30 bp
tails that were reverse complements of the adjacent
fragments. Finally, the forward primer used to amplify fragment (1) and the reverse primer used to amplify fragment (5)
were used to fuse the entire five-fragment gene replacement
construct. The High Fidelity and Long Template PCR systems
(Roche Diagnostics Corporation, Indianopolis, IN, USA) were
employed to amplify individual and fusion fragments, respectively, on a Px2 Hybaid or an Eppendorf Mastercycler gradient thermal cycler. PCR products were gel-purified using the
QIAquick gel extraction kit (QIAGEN, Valencia, CA, USA).
The resulting gfp::bud4::pyr-4 cassette was used to replace
the wild-type Anbud4 gene in strain TNO2A3 using the
approach described by Nayak et al. (2006). Because transformants were indistinguishable from wild type, we conclude
that the GFP–AnBud4 fusion is fully functional.
A five-piece fusion PCR strategy similar to that described
above was employed to generate an alcA(p)::axl2::pyroA
cassette that was used to replace the Anaxl2 gene in strain
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TNO2A3. Transformation and subsequent analysis of transformants was performed as described above.

GFP localization in conidiophores
To localize GFP–AnBud4 and AnAxl2–GFP, cellophane
stripes were used to synchronize and manipulate conidiophores from plates. Briefly, sterilized cellophane stripes were
placed on the surface of MAG plates. A dilute spore suspension was spread on the strips. After 24 h growth at 28°C,
conidiophores start to form on the surface of the strips. To
monitor successive stages of development, a strip was
peeled from the plates every hour and mounted with YGV
liquid media for fluorescent microscopy.

the expression of steA, nsdD and brlA. Five milligrams of the
extracted RNA were treated with DNAse I RQI (Promega) to
eliminate leftover genomic DNA contamination. One milligram of DNAse-treated RNA was combined with Moloney
murine leukaemia virus reverse transcriptase (Promega) and
random decamers to synthesize cDNA. The cDNA was
diluted fivefold. Three millilitres from this dilution were added
to 9.5 ml of primers and SYBR green JumpStart Taq Ready
Mix (Sigma). The qRT-PCR was performed with an Mx3000P
thermocycler (Stratagene) using a 60°C annealing temperature, 30 s extension time and a final extension time of 1 min.
The primers used in the qRT-PCR analysis are listed in
Table S1.

Acknowledgements
Analysis of conidiation and sexual development in
A. nidulans
The wild-type control strain FGSC A773 and the Daxl2 mutant
were inoculated on solid MN (minimal) media (http://www.
fgsc.net/Aspergillus/asperghome.html). Plates with 25 ml of
solidified medium were covered with 5 ml of the same melted
medium with 0.7% agar (top agar) containing approximately
106 spores. The cultures were incubated at 37°C in the dark.
An identical set of plates was wrapped to promote induction
of sexual development when indicated. After 10 days, 18 ml
diameter cores were taken from each plate. The cores were
homogenized in water and conidia were counted using a
Bright-Line Hemacytomer (Hausser Scientific) under a light
microscope (Nikon 400). Identical cores from each plate were
collected to examine the production of cleistothecia. The
cores were sprayed with 70% ethanol to remove excess
conidia and enhance visualization of cleistothecia. Fruiting
bodies were then counted under a stereo-zoom microscope
(Lieder). Experiments included three replicates.
Conidiophore development was monitored using the sandwich coverslip method described by Lin and Momany (2003).
Briefly, 1 ml of melted MAGUU media was placed on a coverslip that had been transferred to the surface of a 4% water
agar plate. The coverslip was inoculated with spores once the
media had solidified, whereupon a second coverslip was
placed on top. After 3–4 days, conidiophores had formed and
become attached to the top coverslip, which was then dipped
into 100% ethanol and mounted for differential interference
contrast microscopy. For Calcoflour staining, the coverslips
were fixed and stained after ethanol treatment. Note that in
some cases, this approach was also used to localize GFP
fusion proteins in developing conidiophores.

Analysis of developmental gene expression
Five millilitres of melted 0.7% agar GMM containing 106
spores of each strain were poured onto plates containing
25 ml of solid 1.5% agar GMM and incubated at 37°C in the
dark. Samples were harvested for RNA extraction at 48 and
72 h after inoculation. Times before 48 h were not collected
due to insufficient fungal biomass. Mycelium was lyophilized
and RNA was extracted as previously described (Fritsch
et al., 1989). Quantitative RT-PCR was performed to analyse
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